Recurrence plot based measures of complexity are capable tools for characterizing complex dynamics. In this letter we show the potential of selected recurrence plot measures for the investigation of even high-dimensional chaos. We apply this method on spatially extended chaos, such as derived from the Lorenz96 model and show that the recurrence plot based measures can qualitatively characterize typical dynamical properties such as chaotic or periodic dynamics. Moreover, we demonstrate its power by analyzing satellite image time series of vegetation cover with contrasting dynamics as a high-dimensional example from the real world.
can be applied on high-dimensional systems, such as exhibiting high-dimensional chaos. So far, the ability of RP based methods for studying high-dimensional chaos has not yet been demonstrated, although it was already used to investigate spatial recurrences [13] [14] [15] and spatio-temporal chaos in turbulence and a reaction-diffusion system [16, 17] . Moreover, the classic characterization of complex dynamics by using correlation dimension and Lyapunov exponents requires very long time-series [18] or the knowledge of the differential equations of the system which are in practical examples not known. The study of extended spatiotemporal dynamics is even more complicated and challenging.
In this letter we demonstrate the potential of RP based measures of complexity for identifying hardly accessible extended spatio-temporal dynamics and for characterizing highdimensional chaos. We will use the Lorenz96 model [19] [20] [21] which is a paradigmatic system for extended complex spatio-temporal chaotic dynamics and was systematically studied by Karimi et al. [22] and apply the method on an example of a satellite time series imagery.
The Lorenz96 model
The Lorenz96 model is a conceptual time-continuous linear lattice model that was developed to demonstrate fundamental aspects of weather predictability [19] :
for k = 1, . . . , N , with a constant external forcing f , and with periodic boundary conditions x N +1 = x 1 . Depending on the system size N and the forcing f , the dynamics on the lattice can be periodic or chaotic and can exhibit a high dimensionality [22] . Therefore, this model is very appropriate for our study. For integrating Eq. (1) we use a Runge-Kutta integration of 4th order with time step δt = 1/64. In order to remove transients, we neglect the first 10,000 values from each x k (t). In the numerical experiments discussed below, we will use 20 slightly varying initial conditions for each selected setting of N and f .
In our study we consider f = 5. Then, for example, for N = 38, we find periodic dynamics, but for N = 47, the dynamics is chaotic (Fig. 1) .
The change of the dynamical regimes with systems size N can be measured by the maximal Lyapunov exponent λ max and the Kaplan-Yorke dimension D KY , which can be calculated using the Wolf algorithm for λ [23] and the Kaplan-York algorithm for D λ [24] (here we used 200,000 iterations for this calculation). Increasing the system size from N = 10 to N = 50 reveals a periodic alternation between periodic and chaotic dynamics by periodic variations of λ max (Fig. 2a) . The dimension of the system as measured by D KY is increasing by trend (Fig. 3a) . The calculation of λ and D KY is expensive for such high-dimensional systems. Moreover, for accurate values we need very long time series (here, even for N = 200, 000 we find some spread in the results of λ max and D KY ). 
Recurrence plot analysis
RP quantification may be suitable for a simpler estimation of the dynamical properties. A RP R i,j = Θ(ε − x i − x j ) is a binary matrix R representing the time points j when a state x i at time i recurs [2] (Fig. 4) . The recurrence criterion is usually defined as a spatial distance between two states x i and x j is falling below a threshold ε. Besides the ability to discuss the visual aspect of a RP, several quantification approaches are based on this matrix. The diagonal line structures in a RP correspond to periods of parallel evolution of two segments of the phase space trajectory. The scaling of the length distribution of such lines is related to the K 2 entropy. A good proxy for this is measuring the inverse of the length of the longest diagonal line 1/L max , with
and l the length of the diagonal lines, and H D (l) the length distribution of diagonal lines in R [2] . Based on a heuristic approach, the fraction of recurrence points that form such diagonal lines is a qualitative measure of determinism (DET) [2] ,
Systems possessing deterministic dynamics are characterized by diagonal lines indicating repeating recurrences within a state (and, hence, higher DET values). The vertical empty space between two recurrence points in the RP correspond to Poincaré recurrence times, i.e., the distance v between recurrence points in a column of R [25] . From the distribution H V (v) we can derive the recurrence time entropy (RTE), also called recurrence period density entropy [26] 
This measure quantifies the extent of recurrences and is related to the Pesin dimension [27] . In the last years, the similarity of the binary, squared matrix R with the adjacency matrix of an unweighted, undirected complex network was used to apply complex network measures on recurrence plots in order to quantify the geometrical properties of the system's attractor encoded in the RP [28] . For example, the transitivity coefficient (T )
allows the differentiation of regular and irregular dynamics [29] . Moreover, T can be used to define a novel dimensionality measure, the transitivity dimension (D T )
allowing the calculation of the dimension without explicit consideration of scaling behaviors. Using the RP, the correlation dimension D 2 can also be derived [30] . However, the advantage of D T is that it results directly from the RP without analyzing any scaling behavior depending on the recurrence threshold ε. Although still rather novel, such recurrence quantification is meanwhile widely accepted and applied in different disciplines to study diverse problems. For more details on this methodology we refer to [2, 4, 31, 32] .
Recurrence analysis of spatially extended chaos
For the application of the RP approach to spatially extended high-dimensional data such as from the Lorenz96 model, we consider each variable as one component of the phase space representation: x(t) = (x 1 (t), x 2 (t), . . . , x N (t)). We remove transients by deleting the first 10,000 data points and then downsample the time series by considering only every 2nd value. Then, for only 1,500 time points of the vector x(t) we calculate the RP and the above mentioned measures DET, 1/L max , RTE, and D T . We calculate this set of measures for different system size N = [10, 50] and repeat the calculation for 20 different initial conditions. For the line based RP measures DET and 1/L max we choose a minimal line length of two. We apply a Theiler window of length 10 (in units of iteration steps) and a recurrence threshold such that the fraction of recurrences in the RP is 10% (and using the Euclidean norm).
The inverse of the longest diagonal line 1/L max as well as the RTE reveal a similar alternating variation with N as λ max (Fig. 2b,c) . The Pearson correlation between these two RP based measures and λ max is 0.90 (for 1/L max ) and 0.77 (for RTE). The strong correlation even for the used rather short data segment suggests that these RP based measures are good estimators for studying the divergence behavior of high-dimensional systems.
The DET measure varies between values of 0.94 and 1, indicating the high deterministic nature of the model (Fig. 3b) . During the periodic regimes, the DET shows maxima, whereas during the chaotic regime, DET falls to lower values. The transitivity dimension D T varies rather similar compared to the Kaplan-Yorke dimension D KY . It also shows the upward trend with increasing N (Fig. 3c) , but D KY is in average 2.5 times higher than D T . The correlation of D KY with DET and D T is −0.78 and 0.70, respectively.
The recurrence based measures are able to reveal the dynamics using very short time series of length 1,500, in comparison to the classic measures where 200,000 iterations and the differential equations had been necessary.
Application on satellite time series imagery
For testing the proposed RP quantitative measures on high-dimensional real world data, we used MODIS satellite time series imagery of the extended vegetation index (EVI) of two test sites in NE Spain (centre coordinate 42.37
• N, 0.51 • E) and NE Brazil (5.00
• S, 39.50
• W). The test sites are characterized by differently complex vegetation dynamics both in the temporal (inter-annual and intra-annual) and spatial domain as a result of diverse natural processes and human interactions. Thus, these sites are seen as ideal to study the usefulness of the proposed RP measures in order to objectively quantify and evaluate this complex behavior and decipher changes in vegetation cover dynamics related to land extensification/ intensification or climate change and drought. The subhumid Spanish test site shows a pronounced seasonal variation in precipitation and temperature with cold and dry winters and hot and stormy summers, whereas the Brazilian test site located in the so-called drought polygon is characterized by a semiarid climate with distinct dry and wet seasons and rainfall of high temporal and spatial irregularity. The Spanish test site has undergone severe land use changes during the last 50 years with the abandoning of former agricultural areas and subsequent reforestation as well as setting aside of lands from agriculture promoted by the European Agricultural Policy [33] . The Brazilian test site has been more intensively occupied since 1985, when the Federal Government accomplished a land reform leading to the intensification of agricultural and livestock practices. A dense water surface reservoir network has been built in the last decades to mitigate water scarcity problems [34] .
The MODIS-Terra MOD13Q1 product used for this real world application is a 16-day composite image of the enhanced vegetation index (EVI) in a sinusoidal projection with a spatial resolution of 250 m. Global MODIS vegetation indices are designed to provide consistent spatial and temporal datasets used for global monitoring of vegetation conditions. The EVI was chosen since it minimizes canopy background variations and maintains sensitivity over dense vegetation. sites. For both regions we visually find periodic patterns in the corresponding RPs, revealing mainly the seasonal variability (Fig. 5) . The appearance of the periodic patterns differ for Spain (more line-like patterns) and Brazil (more block-like patterns), indicating substantial differences in the spatial dynamics. The RP quantification by the measures DET, 1/L max , and D T clearly reveals quantitative differences: in Brazil we find a more erratic or chaotic spatio-temporal pattern than in Spain, indicated by lower DET and higher 1/L max as well as D T for Brazil (Fig. 6 , Tab. 1). Although the considered subareas consist of information that is a mixed signal of several land cover classes, the difference between Spain and Brazil is consistent for subareas of varying location. These results can be interpreted in such sense that the vegetation (or land use) dynamics in Brazil is probably less regulated and less predictable than in Spain. 
Conclusion
By using the Lorenz96 model as a prototypical example of high-dimensional chaos we have shown that recurrence plot based analysis can be used to investigate high-dimensional chaos from rather short time series and provides insights in the fundamental features of the dynamics, comparable with the Kaplan-York dimension or the Lyapunov exponent. This study, thus, answers the up to now open question, whether recurrence plots and their quantification is suitable to study high-dimensional chaos. The more systematic study on the limits of the used methods and the necessary length of time series in dependence on the dimension of the system is subject of future work.
Moreover, by applying the method to MODIS satellite time series data we have demonstrated its suitability for the investigation of high-dimensional spatio-temporal dynamics of real world processes. The recurrence analysis has indicated a clear difference in the spatiotemporal vegetation dynamics in a subhumid (Spain) and in a semiarid (Brazil) climate, where the first shows a more regular pattern, whereas the latter is characterized by a more irregular and less predictable behavior.
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